. In contrast to this single mode of killing of protozoa, we have recently proposed a biphasic model by which L. pneumophila kills macrophages, in which the first phase is manifested through the induction of apoptosis during early stages of the infection, followed by an independent and temporal induction of necrosis during late stages of intracellular replication. Here we show that, similar to the protozoan host, the induction of necrosis and cytolysis of macrophages by L. pneumophila is mediated by the pore-forming toxin or activity. This activity is temporally and maximally expressed only upon termination of bacterial replication and correlates with cytolysis of macrophages and alveolar epithelial cells in vitro. We have identified five L. pneumophila mutants defective in the pore-forming activity. The phagosomes harboring the mutants do not colocalize with the late endosomal or lysosomal marker Lamp-1, and the mutants replicate intracellularly similar to the parental strain. Interestingly, despite their prolific intracellular replication, the mutants are defective in cytotoxicity and are "trapped" within and fail to lyse and egress from macrophages and alveolar epithelial cells upon termination of intracellular replication. However, the mutants are subsequently released from the host cell, most likely due to apoptotic death of the host cell. Data derived from cytotoxicity assays, confocal laser scanning microscopy, and electron microscopy confirm the defect in the mutants to induce necrosis of macrophages and the failure to egress from the host cell. Importantly, the mutants are completely defective in acute lethality (24 to 48 h) to intratracheally inoculated A/J mice. We conclude that the poreforming activity of L. pneumophila is not required for phagosomal trafficking or for intracellular replication. This activity is expressed upon termination of bacterial replication and is essential to induce cytolysis of infected macrophages to allow egress of intracellular bacteria. In addition, this activity plays a major role in pulmonary immunopathology in vivo.
Recent studies have revealed new and exciting insights into the mechanisms of entry of intracellular pathogens into the host cell, their exploitation of the signal transduction and apoptotic pathways, and their modulation of the biogenesis of their vacuoles into idiosyncratic niches that evade fusion to the lysosomes, or their escape into the cytoplasm (22, 42) . A fundamental step in the pathogenic cycle of intracellular pathogens is their ability to lyse and egress from the host cell after termination of intracellular replication, to infect other cells within the same host, or to be transmitted to a new susceptible host. The mechanisms by which vacuolar intracellular pathogens such as Mycobacterium, Chlamydia, Toxoplasma, Leishmania, Salmonella Coxiella, Brucella, Francisella, and Legionella induce cytolysis and egress from the host cell after its exploitation for intracellular proliferation are not known.
Legionella pneumophila is a gram-negative bacterium that is ubiquitous in the aquatic environment, where the bacterium invades and replicates within protozoa (8, 11, 31, 32, (54) (55) (56) . Upon transmission to the human host, L. pneumophila invades alveolar macrophages and possibly epithelial cells (1, 7, 25) . Within minutes of entry into the host cell, the bacteria modulate the biogenesis of their vacuole into a niche (16, 46) that evades maturation along the "default" endosomal-lysosomal degradation pathway (34) and is subsequently surrounded by the rough endoplasmic reticulum (3, 33, 53) . Formation of this replicative niche is controlled by a type IV-like secretion machinery, designated Dot or Icm (48, 57) , that functions in a cis-like manner to modulate the biogenesis of the phagosome, without affecting other endocytic fusion events within the infected cell (17) . The bacteria replicate in this idiosyncratic niche, causing Legionnaires' disease, a potentially fatal pneumonia (1) . Intracellular replication of L. pneumophila in the alveolar spaces is the hallmark of Legionnaires' disease (1) .
Pulmonary histopathology of Legionnaires' disease patients and L. pneumophila-infected experimental animals is characterized by the extensive cytolysis of inflammatory cells in the alveolar spaces and necrosis of the alveolar epithelium (13, 36) , which has been proposed to be mediated by a cytotoxin (58) . In addition, bacterial growth-independent acute death (i.e., within 48 h) of mice is manifested following intratracheal inoculation with a high dose of the bacteria, and this acute lethality is thought to be mediated by a cytotoxin (14) . A pore-forming toxin or activity has been described recently for L. pneumophila (35, 39) . Upon contact with cellular membranes, this activity is manifested in insertion of pores Ͻ3 nm in diameter that allow the passage of molecules Ͻ1,500 Da (35, 39) . However, the role of this activity in the intracellular infection and its potential role in the pulmonary immunopathology of Legionnaires' disease are not known (59) .
Along with other vacuolar intracellular pathogens, the prolific intracellular replication of L. pneumophila culminates in filling the host cell with bacteria and subsequent killing of the host cell to allow egress of intracellular bacteria (1) . The mechanisms of killing of the host cell and release of intracellular bacteria after termination of intracellular replication are not known for L. pneumophila or any other vacuolar intracellular pathogen. It has been presumed that the physical and metabolic burden on the host cell by a large number of intracellular bacteria is sufficient to kill the host cell by nonspecific means. We have recently shown that L. pneumophila does not induce apoptosis in the protozoan host, but does induce pore formation-mediated cytolysis after termination of intracellular replication, and mutants defective in pore formation fail to egress from the protozoan host (21, 31) . In contrast to this single mode of killing of protozoa, we have recently proposed a model of biphasic death of mammalian cells by L. pneumophila (19, 20) . The first phase is mediated by a growth-phase-independent induction of caspase-3-mediated apoptosis during early stages of the infection (19, 20, 43) , while the second phase is mediated by necrotic damage upon growth transition of the bacteria into the postexponential phase (15) . We have speculated (20) that this growth-phase-dependent necrotic damage is mediated by the pore-forming toxin or activity (35, 39) .
In this report, we provide evidence that the pore-forming activity of L. pneumophila is temporally and maximally expressed upon termination of bacterial replication in vitro and intracellularly and is essential for cytolysis of macrophages and for the release of intracellular bacteria. Importantly, the poreforming toxin plays a major role in the pathogenesis of Legionnaires' disease in experimental animals. This fascinating L. pneumophila-regulated cytolysis of macrophages may illuminate a similar mechanism utilized by other vacuolar intracellular pathogens to spare killing of the host cell during intracellular proliferation and to kill and egress from the spent host cell upon termination of intracellular replication.
MATERIALS AND METHODS
Bacterial strains and host cells. The virulent parental strain AA100 of L. pneumophila and construction of the mini-Tn10::kan bank of mutants have been described previously (24) . Bacteria were grown on artificial media as previously described (24, 51) . The parental strain AA100 was grown on buffered charcoalyeast extract (BCYE) agar plates or in buffered yeast extract (BYE) broth, and for the mutants, the media were supplemented with 50 g of kanamycin per ml (24) .
The human macrophage-like cell line U937 was maintained and differentiated into macrophage-like cells as described previously (24) . Human type I alveolar epithelial cells (American Type Culture Collection; WI-26 VA4) were maintained as described previously (25) .
Cytopathogenicity to and intracellular growth of L. pneumophila within U937 macrophages and WI-26 alveolar epithelial cells. L. pneumophila strains were grown on BCYE plates for 3 days prior to infection. Monolayers in 96-well plates containing 10 5 cells/well were infected, in triplicates, for 1 h followed by washing and killing of extracellular bacteria with 50 g of gentamicin per ml. Cytopathogenicity was determined by using the vital dye Alamar blue (Alamar Bioscience, Inc., Sacramento, Calif.), as previously described (6) . The number of bacteria in the monolayers at several time intervals after the 1-h infection period was determined, as previously described (23) .
Analysis of contact-dependent pore formation by L. pneumophila. Monolayers were infected by strain AA100 or the rib mutants at a multiplicity of infection (MOI) of 500, as previously described (39) . Permeability to propidium iodide (PI) (0.5 g/ml) was determined by epifluorescence microscopy. At least 100 cells/sample were counted for multiple independent samples. To examine pore formation in membranes of infected cells by intracellular bacteria, the monolayers were infected by strain AA100 or the rib mutants at an MOI of 5, followed by washing and killing of extracellular bacteria, exactly as described above. At the indicated time points postinfection, the cells were stained with PI and examined as described above.
Contact-dependent pore formation in plasma membrane was also determined by examining hemolysis of sheep erythrocytes (sRBCs) by L. pneumophila at an MOI of 25 following 20 to 60 min of bacterial-sRBC contact, as previously described (39) . To examine pore formation by intracellular bacteria, U937 macrophages were infected by strain AA100 at an MOI of 5 for 1 h, followed by killing of extracellular bacteria with gentamicin as described above. At several time intervals postinfection, intracellular bacteria were isolated by Percoll density gradient, as we previously described (6) , and hemolytic activity was examined at an MOI of 25, as described above.
Analysis of apoptosis in L. pneumophila-infected U937 macrophages and WI-26 alveolar epithelial cells. Monolayers of U937 macrophages and WI-26 alveolar epithelial cells were infected at an MOI of 10, exactly as described above. Terminal deoxytransferase-mediated dUTP nick-end labeling (TUNEL) assays were performed with the cell death detection kit (Boehringer Mannheim Corporation, Indianapolis, Ind.) and examined on a Leica TCS NT confocal laser microscope, exactly as we described previously (19, 20, 26) . Apoptosis in U937 macrophages was also examined by detection of the surface exposure of phosphatidylserine (PS) by using the Annexin-V-FLUOS staining kit (Boehringer Mannheim GmbH, Mannheim, Germany), and examined by confocal laser microscopy, exactly as we described previously (20) . A minimum of 100 cells per sample were counted by epifluorescence microscopy, and multiple independent samples were examined.
Confocal laser scanning and transmission electron microscopy. Colocalization of L. pneumophila with Lamp-1 in infected U937 macrophages was performed and samples were examined by confocal laser scanning microscopy, exactly as described previously (28) (at least 100 infected cells were examined). Samples were analyzed with a Leica TCS SP laser scanning confocal microscope (Leica Microscopy and Scientific Instruments Group, Heerburg, Switzerland), equipped with three lasers: an argon laser (488-nm excitation line), a krypton laser (568-nm excitation line), and a helium neon laser (633-nm excitation line).
For transmission electron microscopy, U937 macrophages were infected with L. pneumophila at an MOI of 1 for 1 h, followed by extensive washing of extracellular bacteria and further incubation for several time intervals. Preparation of ultrathin sections was performed, and the sections were examined with a Hitachi H-7000/STEM electron microscope (Hitachi, Inc., Japan) at 75 KV, as described previously (23) .
Inoculation of A/J mice. Female pathogen-free A/J mice 8 to 9 weeks of age were inoculated intratracheally, as described previously (25), with the exception that a suspension of approximately 10 9 CFU of bacteria in 50 l of water was injected directly into the trachea. The mice were observed twice daily for lethality.
DNA manipulations. Transfections, restriction enzyme digestions, and DNA ligations were performed as described elsewhere, unless specified otherwise (10) . Restriction enzymes and T4 DNA ligase were purchased from Promega (Madison, Wis.). Plasmid and cosmid DNA preparations were performed with the Bio-Rad Quantum miniprep kit (Bio-Rad Laboratories, Hercules, Calif.) and the polyethylene glycol DNA extraction protocol, as described elsewhere (47) . Electroporations were performed with a Bio-Rad Gene Pulser, as recommended by the manufacturer. DNA probes for Southern hybridization were generated by PCR amplification with a Perkin-Elmer Gene Amp PCR system 2400 (PerkinElmer, Norwalk, Conn.). Purification of DNA fragments from agarose gels for subcloning or labeling was carried out with a QIAquick gel purification kit (Qiagen Inc., Chatsworth, Calif.). Fluorescein labeling of DNA probes for Southern hybridization was performed with the ECL (enhanced chemiluminescence) Random Prime Labeling System, version II (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.). Transfer of DNA from agarose gels onto membranes, fluorescein labeling of DNA probes, hybridizations, and detection were performed as previously described (10) . Oligonucleotide synthesis for PCR and sequencing was performed by Integrated DNA Technologies, Inc. (Coralville, Calif.). Sequencing was carried out by the University of Kentucky Macromolecular Structure Analysis Facility (Lexington, Ky.). Sequence analysis and comparisons were performed with MacVector (Oxford Molecular Group, Inc., Campbell, Calif.), AssemblyLign, BlastX, GCG SeqWeb, and ProfileScan.
Genetic characterization of the rib mutants. The L. pneumophila chromosomal cosmid library has been described previously (49) . The plasmid pBC-SK ϩ was used to subclone L. pneumophila DNA (Stratagene, La Jolla, Calif.), and Escherichia coli strain DH5␣ (BRL, Gaithersburg, Md.) was used for the majority of cloning experiments. The plasmid pUC-4K was purchased from Pharmacia (Piscataway, N.J.), and was the source of the kanamycin resistance gene used as a probe for Southern hybridization. L. pneumophila chromosomal DNA was prepared by using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, Minn.).
Clones harboring all of the dot and icm genes were obtained from H. Shuman and R. Isberg and were used as probes. The kan insertion and flanking genomic DNA from the mutants was cloned into pBC and used to probe the cosmid library, as we described previously (49) . These constructs were also introduced into the parental strain AA100 of L. pneumophila by the natural transformation procedure to reconstruct the insertion, exactly as we described previously (50) . The reconstruction of the insertion was confirmed by Southern hybridizations with the flanking L. pneumophila DNA and the kan cassette as probes.
RESULTS
Identification of L. pneumophila mutants competent for intracellular replication, but defective in cytotoxicity and cytolysis of macrophages and alveolar epithelial cells. We have previously identified the pmi and mil mutants of L. pneumo-phila that are defective in both cytotoxicity and intracellular replication, and the degree of both defects are correlated (23, 24) . During our screening of the miniTn10::kan mutant library (ϳ5,000 clones) of L. pneumophila (23, 24) for the pmi and mil mutants, we discovered five mutants (GP247, GL208, GN229, GP263, and GR159) that were severely defective in their cytotoxicity, but replicated similar to the parental strain AA100 within U937 macrophages and type I alveolar epithelial cells (MOI of 5) (Fig. 1A and B) (data not shown). All of the intracellular bacteria belonging to the parental strain were released into the tissue culture medium within 24 to 48 h postinfection ( Fig. 1C and D) (data not shown). In contrast, despite the prolific intracellular replication of the five mutants, they were "trapped" within and failed to egress from macrophages and epithelial cells during the 48-h infection, and the majority of the infected cells remained viable and intact ( Fig.  1C and D) (data not shown). Phase-contrast images of the infection showed that the AA100-infected cells underwent complete cytolysis within 24 to 48 h postinfection, concomitant with termination of intracellular replication, while cells infected by the mutants were intact during this period (data not shown). However, after 72 h postinfection, the viability of the cells infected by the mutants declined gradually, and the bacteria were subsequently released (see below).
The data predicted that if an infection by the mutants is carried out at a low MOI, the mutants would be successful in intracellular replication during the primary infection, but would fail to initiate a secondary infection due to the defect in cytolysis of the primary host cell. Interestingly, when U937 macrophages were infected by two of the mutants (GP247 and GN229) at an MOI of 0.5, approximately 600-fold less mutant bacteria were recovered by 24 and 48 h postinfection compared to the parental strain (Fig. 2) . Importantly, 100-and 1,000-fold more wild-type bacteria were recovered from the supernatant at 24 and 48 h postinfection, respectively, compared to the mutants (Fig. 2) . Compared to the remarkable destruction and cytolysis of macrophages and epithelial cells infected by the wild-type strain by 48 h postinfection, the cells infected by the mutants remained viable and intact for at least 48 h, despite the prolific intracellular bacterial replication (Fig. 3) . However, after 72 h postinfection, the viability of the cells infected by mutants started to decline.
Confocal laser scanning microscopy showed that, similar to strain AA100, the mutants did not colocalize with the late endosomal or lysosomal marker Lamp-1 at 2 to 4 h postinfection (data not shown). In contrast, heat-killed cells of L. pneumophila, or a dotA mutant (46), used as controls, exhibited predominant colocalization with Lamp-1 (more than 80%) (data not shown). Taken together, these data showed that the mutants were defective in killing and exiting the host cell, despite their prolific intracellular replication.
The infection of U937 macrophages by one of the mutants was examined at the ultrastructural level. At 24 h postinfection, at least 50% of the cells in the AA100-infected monolayers were lysed, and the remaining cells exhibited necrotic morphology (Fig. 3) (data not shown) . At 48 h postinfection, Ͼ95% of the AA100-infected cells were lysed, and the remaining cells exhibited severe signs of necrosis (an example is shown in Fig. 3 ). In contrast, the mutant-infected cells were still intact at 48 h postinfection and were not necrotic, but apoptotic nuclei with condensed chromatin were readily detectable (Fig. 3) . These data were consistent with the substantial intracellular replication by the mutants and the defect in cytolysis of macrophages. The data suggested that the mutants are not defective in induction of apoptosis, but are defective in induction of necrosis. The mutants are defective in pore-forming toxin or activity. We have recently proposed a model of biphasic death of the host cell by L. pneumophila (20) initiated by caspase-3-dependent apoptosis followed by necrosis (19) , which is most probably mediated by the pore-forming toxin (39) . We confirmed the ability of the mutants to induce apoptosis, similar to the parental strain, by using agarose gel electrophoresis of the host cell DNA, TUNEL assays, and surface exposure of PS (Fig. 4) (data not shown). Consistent with the above data, TUNEL assays showed that the AA100-infected cells completely underwent cytolysis by 48 h postinfection and were left with bare apoptotic nuclei. In contrast, most cells infected by the mutants were intact, but apoptotic at 24 and 48 h postinfection, despite the presence of large numbers of intracellular bacteria (Fig. 4) . These data showed that the mutants induced apoptosis and confirmed their defect in the ability to lyse and egress from the host cell during the 48-h infection period, despite their intracellular replication. Thus, the defective loci were designated rib (release of intracellular bacteria).
We next examined the rib mutants for pore-forming activity by using two different strategies (39) . In contrast to the wildtype strain, all of the five rib mutants were completely defective in contact-dependent lysis of sRBCs, at a bacterium/RBC ratio of 25:1 (Fig. 5A) . Hemolysis was not detected by the mutants, even when the bacterium/RBC ratio was increased by 200-fold, to 5,000:1 (data not shown). Heat-killed bacteria, a dotA mutant (39) (Fig. 5A) , or bacterial culture supernatants did not cause hemolysis of sRBCs (data not shown). In the second strategy, we examined permeability of the plasma membrane of macrophages and epithelial cells to PI (molecular mass of 668 Da) upon infection with an MOI of 500 (39) . In contrast to the parental strain, all of the five rib mutants were severely   FIG. 3 . The rib mutants' defect in cytolysis of the host cell is due to a defect in necrosis-mediated killing. Representative transmission electron micrographs of infected U937 macrophages at 24 h and 48 h postinfection by the wild-type strain AA100 and the GN229 mutant. The original magnifications were ϫ7,000 and ϫ5,000 for the 24-and 48-h infections, respectively. defective in pore formation in macrophages and epithelial cells ( Fig. 5B and C and Fig. 6 ). No alteration in permeability to PI was detected when the cells were incubated with heat-killed bacteria, bacterial culture supernatants, or supernatants of AA100-infected cells obtained 3 h postinfection (data not shown). Taken together, the data indicated that the five rib mutants were defective in expression of the pore-forming toxin or activity (39) .
Temporal expression of the pore-forming activity. We hypothesized that due to the potency of the pore-forming toxin or activity to disrupt biological membranes and to cause necrosis and cytolysis of the host cell, its expression by intracellular bacteria is incompatible with viability of the host cell, which is essential for intracellular bacterial proliferation. Therefore, we examined the kinetics of expression of the pore-forming activity by in vitro-grown and intracellular bacteria at several stages of growth, by using contact-dependent hemolysis of sRBCs. Our data showed that expression of the pore-forming toxin or activity by L. pneumophila grown in vitro and within macrophages was completely repressed during exponential growth, but was temporally activated to a maximal level upon entry into the postexponential phase and declined rapidly afterwards (Fig. 7) . Although the infecting bacteria were competent for pore formation (Fig. 7B, time zero) , this capacity was abolished within 4 to 8 h of invasion (early exponential phase) (Fig.  7B) . Our data showed that the phenotypic transition of L. pneumophila into the cytotoxic phenotype upon entering the postexponential phase, both in vitro (15) and intracellularly, was associated with expression of the pore-forming toxin or activity. rib mutants are defective in acute cytotoxic lethality to mice. Pulmonary histopathology of Legionnaires' disease patients and L. pneumophila-infected experimental animals is characterized by extensive lysis of inflammatory cells and necrosis of the alveolar epithelium (13, 36) , which has been proposed to be mediated by a cytotoxin (58) . In addition, intratracheal inoculation of A/J mice with Ͼ10 8 CFU of L. pneumophila results in bacterial growth-independent acute death (i.e., within 48 h) that is thought to be mediated by a cytotoxin (14) . Intratracheal inoculation of A/J mice (52) with 2.7 ϫ 10 9 or 2.7 ϫ 10 8 CFU (five mice each) of the parental strain resulted in 100 and 60% death, respectively, within 24 to 48 h. In contrast, all five GN229-infected animals survived a similar dose, similar to animals infected by heat-killed AA100. Moreover, when 10 mice were infected by 4 ϫ 10 9 CFU of the parental strain or the GN229 mutant, all 10 of the AA100-infected animals died within 24 to 48 h, but all 10 of the GN229-infected animals survived for the 7-day observation period. These data showed that the pore-forming activity played a major role in acute lethality and in the pathophysiology of Legionnaires' disease.
Are the kan insertions in the rib mutants responsible for the rib defect? Southern hybridization analyses showed that the insertions in the rib mutants were located in different chromosomal regions distinct from the two regions containing the 23 dot and icm genes (data not shown) (48, 57) . Sequence analysis of the flanking regions of the kan insertion in the mutants showed that all five of the mutants had insertions within open reading frame (ORF) with no similarity to other genes in genetic database, with the exception of the GN229 mutant, in which the insertion was within an ORF with a three-dimensional motif with similarity to that coding for the pore-forming toxin RtxA. The flanking DNA sequence of the kan insertion in each of the mutants was used to probe the cosmid library of L. pneumophila. Several cosmid clones that hybridized to the probe were isolated for each of the mutants. Southern hybridizations showed that the cosmids corresponding to each of the mutants were overlapping, but distinct from cosmids corresponding to the other mutants. By electroporation, we introduced two overlapping cosmids corresponding to each of the mutants into the respective mutant. Functional complementation of the defective Rib phenotype by the cosmids was performed by using the cytotoxicity assays of infected U937 macrophages and by contact-dependent hemolysis of sRBCs. The data clearly indicated that none of the cosmids complemented the phenotype of the mutants (data not shown). Therefore, it was essential to reconstruct the mutations in the parental strain background. The cloned kan insert and the flanking L. pneumophila DNA from each of the five rib mutants cloned into pBC were used to introduce the kan insertion into the parental strain AA100 by natural transformation (50) . This procedure allows for 100% fidelity in the allelic exchange with the chromosomal locus of the colonies that arise on kan-supplemented agar plates (50) . We were able to reconstruct all five of the kan insertions, individually, in the parental strain AA100, which was confirmed by Southern hybridizations probed with the kan cassette alone and with the DNA flanking regions in each of the mutants. The reconstructed mutants were examined for the defect in cytotoxicity to U937 macrophages by using cytotoxicity assays and for contact-dependent hemolysis of sRBCs. All of the reconstructed mutants exhibited a wild-type phenotype in both assays. Taken together, these data clearly showed that the kan insertions were not responsible for the defective phenotype in the pore-forming activity in the five mutants and that the mutations were spontaneous. These findings were surprising, but not unusual, since many L. pneumophila insertion mutations have been found to be spontaneous, where the insertion is not responsible for the defective phenotype, including the dotA mutant (12).
DISCUSSION
The mechanisms by which L. pneumophila or other vacuolar intracellular pathogens lyse and egress the host cell after its exploitation for intracellular proliferation are not known. In contrast to all previously isolated mutants of L. pneumophila (23, 24, 28, 29, 48, 51, 57 ; O. S. Harb and Y. Abu Kwaik, submitted for publication), the rib mutants are defective in killing and exiting the host cell upon termination of intracellular replication, but are not defective in modulating the biogenesis of their vacuole, nor in intracellular replication. The rib mutants are defective in expression of the pore-forming toxin or activity, which is only expressed in the parental strain upon termination of replication. Our studies provide the first example of a fascinating strategy by which a vacuolar intracellular pathogen regulates cytolysis of the host cell to ensure maximal exploitation for intracellular proliferation. During intracellular replication, L. pneumophila undergoes a dramatic phenotypic modulation (2, 4-6, 9, 10, 30) , but the signals that trigger this modulation are not known. The signal that triggers expression of the pore-forming toxin by intracellular bacteria is also not known, but starvation (15, 27) , quorum sensing, or deterioration of cellular processes may contribute. It is intriguing that other vacuolar intracellular pathogens, such as Mycobacterium tuberculosis, Mycobacterium haemophilum, Salmonella, Leishmania, and Chlamydia, also exhibit contact-mediated hemolysis or cytotoxicity, but its role in pathogenesis is not known (18, 37, 40, 41, 44, 45) . Interestingly, the pore-forming activity of Leishmania is triggered to a maximal level upon entry into the stationary phase of growth (45) and has been proposed to play a role in egress of the parasites from the host cell (44) . It is therefore possible that temporal pore formation-mediated cytolysis of the host cell is a strategy utilized by other vacuolar intracellular pathogens to kill and egress from the spent host cell after exploitation for intracellular proliferation.
Since several dot or icm mutants that are defective in trafficking and intracellular replication are also defective in poreforming activity (39), Kirby et al. proposed that the poreforming activity is required for export of effector molecules that are required for phagosomal trafficking to evade maturation along the "default" endosomal-lysosomal pathway (38, 39) . It is important to note that these dot or icm mutants are defective in components of the Dot or Icm secretion apparatus, and thus, their defect in the pore-forming activity may be due to a defect in a Dot-or Icm-mediated export of the molecules responsible for this pore-forming activity as well as molecules responsible for trafficking. Another class of dot or icm mutants that are defective in trafficking and intracellular replication, but retain the pore-forming activity, have been also isolated (59) . Based on the phenotypes of this new class of mutants, Zuckman et al. (59) concluded that the pore-forming activity is not sufficient for phagosomal trafficking, but proposed that the pore may be a vehicle to deliver effector molecules into the host cell cytoplasm. However, these observations do not exclude a role for the pore-forming activity in phagosomal trafficking. In this study, we have identified a novel class of mutants that do not colocalize with Lamp-1, similar to the parental strain, and are capable of intracellular replication, but are defective in the pore-forming activity. Our data show that if the pore-forming activity is required to export bacterially derived effector molecules into the host cell cytoplasm (59), the exported molecules play no detectable role in the intracellular replication. Importantly, our data clearly show that the pore-forming activity is not required for evasion of acquisition of Lamp-1 or intracellular replication. However, our data do not exclude the presence of another "less cyto- toxic" pore utilized by L. pneumophila to export effector molecules required for phagosomal trafficking and intracellular replication.
Our data are consistent with the recent model that we have proposed by which L. pneumophila kills the host cell through two independent mechanisms manifested in two phases (Fig.  8) (19, 20) . During early stages of the infection, L. pneumophila induces apoptosis (20, 43) in the host cell in a dose-dependent, but growth-phase-independent fashion (19, 20) . In contrast, expression of the pore-forming toxin or activity is completely repressed during exponential replication, but is temporally expressed upon entry into the postexponential phase. We speculate that upon termination of intracellular replication, the bacteria exhibit the contact-dependent pore formation in the phagosomal membrane that results in its disruption, followed by access of the bacteria to the cytoplasm and subsequent contact-dependent pore formation in organelles and in the plasma membrane, followed by osmotic cytolysis of the host cell (see the model in Fig. 8) .
It is interesting that apoptosis by itself is not sufficient to release the rib mutants from the host cell within 48 h, which may suggest that L. pneumophila may interfere with late stages of apoptosis that include changes in permeability of the plasma membrane. It is important to note that release of the rib mutants from the host cells is initiated approximately 72 h postinfection, which is probably due to late stages of apoptosis and changes in the permeability of the plasma membrane. Interestingly, we have recently shown that although the protozoan host Acanthamoeba polyphaga is capable of undergoing apoptosis upon proper induction, L. pneumophila does not induce apoptosis in this host, but preferentially kills this amoeba by pore formation-mediated cytolysis (21, 31) . Remarkably, the rib mutants are completely defective in cytolysis of the protozoan host, despite their prolific intracellular replication (21, 31) . Thus, Legionella utilizes the pore-forming activity to induce cytolysis of two evolutionarily distant phagocytic cells (21, 31) . Interestingly, the intracellular rib mutants gradually lose their viability within amoebae after termination of intracellular proliferation. Therefore, since the rib mutants subsequently egress from mammalian cells after 72 h, presumably as a result of apoptosis, utilization of two independent mechanisms by L. pneumophila to kill mammalian cells may be an efficient bacterial strategy to ensure egress from the spent host cell.
Pulmonary histopathology of Legionnaires' disease patients and L. pneumophila-infected experimental animals is characterized by extensive cytolysis of inflammatory cells in the alveolar spaces and necrosis of the alveolar epithelium (13, 36) , which has been proposed to be mediated by a cytotoxin (58) . In addition, bacterial growth-independent acute death (i.e., within 48 h) of mice is manifested following intratracheal inoculation with a high dose of the bacteria, and this acute lethality is thought to be mediated by a cytotoxin (14) . Our data show that this heat-sensitive pore-forming toxin plays a major role in acute death after pulmonary infection of A/J mice. We predict that this toxin or activity is the major factor involved in rapid lysis of the phagosomal membrane, followed by that of the plasma membrane of the host cell and subsequent release of intracellular bacteria (see the model in Fig. 8 ).
The release of intracellular bacteria, which express high levels of the pore-forming activity, is expected to induce cytolysis of neighboring cells in the alveolar spaces. Therefore, this toxin or activity is likely to be a major factor contributing to the extensive necrosis and cytolysis of alveolar epithelial cells and inflammatory cells in the alveolar space during the pulmonary infection of humans and experimental animals. Further characterization of the Rib proteins and the mechanisms of their action in disrupting the integrity of biological membranes will contribute to our understanding of an intriguing aspect of the host-parasite interaction of L. pneumophila and the associated inflammatory response in the alveolar spaces. In summary, we have identified mutants of L. pneumophila with a novel phenotype that has never been described before for any vacuolar intracellular pathogen. The mutants are defective or delayed in egress from mammalian cells due to a defect in the pore-forming activity, which is triggered only upon termination of bacterial replication. Our data clearly show that the pore-forming activity is not required for phagosomal trafficking or for intracellular replication, but is essential for egress from the host cell upon termination of intracellular replication and is a major factor in acute death in the animal model. Future characterization of the rib loci and their growth phase regulation will yield important and interesting knowledge about the fine-tuning of this fascinating host-parasite interaction.
